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Introduction
Arctic sea ice is a pivotal element of the global climate as it influences the heat and moisture exchange between the ocean and the atmosphere. Furthermore it significantly affects the oceanic heat transfer and salinity regulation between southern and northern latitudes, thus impacting on the thermohaline circulation in the northern North Atlantic (e.g. Dieckmann and Hellmer, 2003; Rudels, 1996) .
Information on modern Arctic sea ice conditions derive mainly from remote sensing data (e.g. Gloersen et al., 1992; Spreen et al., 2008) and research vessel observations (for instance, sediment trap and buoy data; e.g. Bauerfeind et al., 2005; Fahl and Nöthig, 2007; Perovich et al., 2009; see Eicken et al., 2009 for further field techniques) and allow for the monitoring of the most recent development of sea ice coverage in higher latitudes. Besides the concern about its future development, the currently observed retreat of Arctic sea ice, however, also prompts a gaining interest in past (natural) variations of the sea ice extent in the Arctic Ocean.
Most studies on the palaeodistribution of sea ice are commonly based on sedimentological data (Knies et al., 2001; Spielhagen et al., 2004) and microfossils (e.g. Carstens and Wefer, 1992; Koç et al., 1993; Matthiessen et al., 2001; Polyak et al., 2010 ; for a recent review see Stein, 2008) . In particular, sea ice associated (sympagic) organisms (e.g. pennate ice diatoms; Horner, 1985) which contribute remarkably to the primary production in the marine Arctic ice environment (Gosselin et al., 1997; Gradinger, 2009) , are frequently used for reconstructing sea ice conditions (Abelmann, 1992; Justwan and Koç, 2008; Koç et al., 1993; Kohly, 1998) . However, it has also been shown previously that the preservation of fragile siliceous diatom frustules can be relatively poor in surface sediments from the Arctic realm and the same is also true (if not worse) for calcareouswalled microfossils, thus limiting their application potential (Kohly, 1998; Matthiessen et al., 2001; Schlüter and Sauter, 2000; Steinsund and Hald, 1994) .
In recent decades, the organic geochemical investigation of marine sediments for specific molecular tracers (biomarkers), which are indicative of the type of organic matter they are derived from, has Earth and Planetary Science Letters 306 (2011) Contents lists available at ScienceDirect
Earth and Planetary Science Letters
j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / e p s l become a valuable tool for assessing palaeoenvironmental conditions (e.g. Eglinton and Eglinton, 2008; Meyers, 1997; Stein and Macdonald, 2004; Volkman, 2006) . The novel sea ice proxy IP 25 (Belt et al., 2007) , a monounsaturated highly branched isoprenoid lipid associated with diatoms that are restricted to sea ice, has been successfully used as a direct proxy for sea ice coverage. The identification of this molecule in marine sediment cores from the Canadian Arctic Archipelago, the shelf north off Iceland and from northern Fram Strait, thus enabled reconstructions of the ancient sea ice variability in these regions (Belt et al., 2010; Massé et al., 2008; Müller et al., 2009; Vare et al., 2009 ).
We recently demonstrated that the additional use of the phytoplanktonderived biomarker brassicasterol (e.g. Goad and Withers, 1982; Kanazawa et al., 1971; Volkman, 2006) as an indicator for open-water conditions notably facilitates the environmental reconstruction as ambiguous IP 25 signals (i.e. its absence, which may refer to either a lack of sea ice or, in contrast, a permanent and thick ice cover limiting any algal growth) can be circumvented (Müller et al., 2009) . Along with these proxy-based sea ice reconstructions, physically based numerical ocean-sea ice models provide a complementary tool as they consider thermodynamic and dynamic key elements that shape sea surface and sea ice conditions. A particularly beneficial feature of these models is the possibility to reproduce sea ice thickness. The instrumental assessment of ice thickness (e.g. by means of ice-floe drilling, upward-looking sonar, ground-based/ airborne EM; see Haas and Druckenmiller, 2009 for review) is still a spatially limited method, especially when compared to the relatively straightforward determination of the extent or concentration of sea ice by remote sensing. Ocean-sea ice models therefore provide a valuable source of ice thickness estimates that may be potentially useful within palaeo sea ice studies. However, the assessment of a model's accuracy (in representing sea ice conditions) reasonably builds on comparisons with observational (mainly satellite) or proxy data. With particular regard to palaeo-modelling studies, a calibration of proxy-and model-based assumptions of sea ice conditions would certainly improve forthcoming climate/sea ice reconstructions.
As the major discharge of Arctic sea ice to the northern North Atlantic occurs through Fram Strait ( Fig. 1 ; Aagaard and Coachman, 1968; Rudels et al., 2005) marine sediments from this region may serve as ideal climate archives and provide useful information about the dynamics of this sea ice export system. With the organic geochemical analyses of surface sediments from the continental margins of East Greenland and West Spitsbergen, we herein give insight into the modern environmental situation of these areas. In addition to relatively common phytoplankton derived biomarkers (short-chain n-alkanes, certain sterols) we mainly focus on the sea ice proxy IP 25 to estimate (spring/summer) sea ice conditions and to evaluate the applicability of this relatively novel ice proxy in an area of highly variable (seasonal) ice cover and strong ocean surface currents. With the incorporation of numerically modelled modern (spring) sea ice concentrations and thicknesses, we finally aim at a crossevaluation of proxy and model data, which may give direction towards a quantitative assessment of sea ice conditions in the past with implications for predictions of the future.
Regional setting
The oceanographic setting in Fram Strait is characterised by two opposing current systems separating the passage into a comparatively temperate eastern region and a polar western domain. Warm Atlantic water enters the Nordic Seas via the northward heading Norwegian Current (NC) and, to a minor extent, via the Irminger Current (IC) west of Iceland ( Fig. 1; after Rudels et al., 2005) . In eastern Fram Strait the warm Atlantic water enters the Arctic Ocean via the West Spitsbergen Current (WSC). In western Fram Strait, polar water from the Arctic Ocean is transported southwards by the East Greenland Current (EGC) along the East Greenland continental margin (Aagaard and Coachman, 1968) . Sea ice conditions in the study area are hence subjected to (1) a massive seasonal discharge of old/multi-year sea ice and icebergs via the EGC and (2) the formation of new sea ice during autumn and winter. In general, the ice cover is more extensive in duration and concentration in coastal and proximal shelf areas of the East Greenland continental margin with a pronounced southward sea-ice drift parallel to the coast (e.g. Gloersen et al., 1992; Martin and Wadhams, 1999) . A frequent and prominent winter sea ice feature is the development of the Odden ice tongue (lasting until early spring), which covers the catchment area of the cold Jan Mayen Current in the central Greenland Sea (72°-74°N; Fig. 1 ; Comiso et al., 2001; Wadhams et al., 1996) .
As the WSC supplies eastern Fram Strait with warm Atlantic water, sea ice conditions at the West Spitsbergen continental margin are less severe. Winter sea ice formation is confined largely to near-shore areas and the fjords with the latter remaining covered in fast ice until early summer (Wiktor, 1999) . Furthermore, ice conditions are subjected to the northward advection of sea ice that originates from the Barents Sea (Boyd and D'Asaro, 1994; Haugan, 1999) .
Materials and methods

Sediment samples and geochemical treatment
The surface sediment samples (0-1 cm; n = 44) studied herein were obtained during RV Polarstern cruises ARK-X/2 (Hubberten, 1995) , ARK-XVI/1-2 (Krause and Schauer, 2001) , ARK-XVIII/1 (Lemke, 2003) and ARK-XIX/4 (Jokat, 2004) by means of box-and multicoring equipment. Sediments were collected along the East Greenland continental margin (including the continental slope and adjacent deep-sea) and the continental margin of West Spitsbergen ( Fig. 1 ; see Table 1 for coordinates of sampling locations). All samples were stored in clean brown glass vials at − 30°C until further treatment. For lipid biomarker analyses, the freeze-dried and homogenised sediments were extracted with an Accelerated Solvent Extractor (DIONEX, ASE 200; 100°C, 5 min, 1000 psi) using a dichloromethane: methanol mixture (2:1 v/v). Prior to this step, 7-hexylnonadecane (0.1064 μg/sample), squalane (0.6 μg/sample) and cholesterol-d6 (cholest-5-en-3β-ol-D6; 1.455 μg/sample) were added as internal standards for quantification purposes. Hydrocarbons and sterols were separated via open column chromatography (SiO 2 ) using n-hexane and methylacetate:n-hexane (20:80 v/v), respectively. Sterols were silylated with 500 μl BSTFA (60°C, 2 h) prior to analysis. Gas chromatography-mass spectrometry (GC-MS) compound analyses of both fractions were performed using an Agilent 6850 GC (30 m HP-5 ms column, 0.25 mm inner diameter, 0.25 μm film thickness) coupled to an Agilent 5975 C VL mass selective detector. The GC oven was heated from 60°C to 150°C at 15°C min
, and then at 10°C min −1 to 320°C (held 15 min) for the analysis of hydrocarbons and at 3°C min −1 to 320°C (held 20 min) for sterols, respectively.
Helium was used as carrier gas. Individual compound identification was based on comparisons of their retention times with that of reference compounds (applies to brassicasterol and n-alkanes) and on comparisons of their mass spectra with published data (Belt et al., 2007; Boon et al., 1979; Volkman, 1986) . Biomarker concentrations were calculated on the basis of their individual GC-MS ion responses compared with those of respective internal standards. The quantification is based on the assumption that the ion yield is nearly identical for the analytes and the internal standards. All correlations of the monitoring ions for internal standards versus TIC (Total Ion Current) and versus concentration are highly satisfactory (R 2 = 0.987-1). IP 25 was quantified using its molecular ion m/z 350 in relation to the abundant fragment ion m/z 266 of 7-hexylnonadecane and by means of an external calibration curve (R 2 = 0.9989). Brassicasterol (24-methylcholesta-5,22E-dien-3β-ol) and dinosterol (4α,23,24-trimethyl-5α-cholest-22E-en-3β-ol) were quantified as trimethylsilyl ethers using the molecular ions m/z 470 and m/z 500, respectively, and m/z 464 for cholesterol-d6. Fragment ion m/z 57 was used to quantify the shortchain n-alkanes (n-C 15 , n-C 17 , n-C 19 ) via squalane. Sterol concentrations and the calibration curve for quantifying IP 25 have been verified by GC measurements. Finally, biomarker concentrations were corrected to the amount of extracted sediment. With respect to individual sedimentary (facies) regimes within the study area, absolute biomarker concentrations have been normalised to total organic carbon contents (TOC; data from Kierdorf, 2006) to compensate for different depositional and burial efficiencies. Sedimentation rates within fjords or at continental margins, for example, are two to three times higher than in the deepsea (Dowdeswell and Cofaigh, 2002) , which may cause a dilution of the biomarker content. Presenting biomarker concentrations per gramme sediment hence could result in an underestimation of the biomarker content of the respective sediments.
The pronounced concentration difference between phytoplankton markers and IP 25 is likely attributable to the variety of source organisms that are known to synthesise short-chain n-alkanes, brassicasterol, and dinosterol (e.g. Blumer et al., 1971; Volkman et al., 1993 Volkman et al., , 1998 . In contrast, IP 25 seems to be exclusively produced by one distinct sea ice diatom species (Belt et al., 2007) , which would explain for the comparatively low abundance of this trace compound.
Numerical model -experimental design
In order integrate sea ice within climate modelling, a dynamical downscaling from a coarse-resolution climate model (3.8°× 3.8°h orizontal resolution) to a high-resolved regional ocean-sea ice model (0.25°horizontal resolution) has been specifically designed for palaeo-modelling studies (see Supplementary Material S1 for detailed procedure). The coarse-resolution (T31L19) climate model simulations have been performed for present and Holocene conditions (Lorenz and Lohmann, 2004) . The coarse-resolved SST and sea ice fields of Lorenz and Lohmann (2004) have been bilinearly interpolated to a finer resolved 1.1°× 1.1°matrix and applied to a highresolution version (T106L31) of the atmospheric circulation model ECHAM5 (Roeckner et al., 2006) . Each high-resolution simulation covers 50 integration years, where the last 40 years are used as forcing for the regional North Atlantic/Arctic Ocean-Sea Ice Model (NAOSIM). NAOSIM has been developed to simulate present sea ice variability, circulation, and hydrography in the North Atlantic/Arctic realm Karcher et al., 2003; Kauker et al., 2003) . The model domain of NAOSIM encompasses the Arctic Ocean and adjacent North Atlantic seas (see Supplementary Fig. S2 ). Our employed model experiments have been carried out at a horizontal grid resolution of 0.25°and 30 vertical levels. Following Kauker et al. (2003) , lateral ocean boundaries (volume flux, temperature, and salinity) have been set to present observations at 50°N in the North Atlantic and at 65°N in the Bering Strait. In order to get a realistic halocline in the Arctic Ocean, the ocean surface salinity is weakly restored (time-scale of 6 months) to the monthly sea surface salinity climatology (Steele et al., 2001) . The modern and Mid Holocene NAOSIM runs are integrated over 100 model years, where the last 30 years are analysed in terms of sea ice coverage and thickness.
A detailed analysis of the Mid Holocene will be the subject of a forthcoming study. 
Results and discussion
Biomarker data: autochthonous versus allochthonous signal
With reference to the particular ice drift and dynamic current system in the study area, input of allochthonous matter and lateral advection of organic material demand consideration as they potentially affect the accumulation and composition of the biomarker assemblages investigated herein. For example, the allochthonous input of lithogenic and organic particles entrained in sea ice, which may originate from the shallow shelves of the Laptev Sea (Eicken et al., 1997; Nürnberg et al., 1994 ; for a recent review see Stein, 2008) , probably impacts on the biomarker content of sediments from the East Greenland shelf. In terms of absolute IP 25 concentrations, we thus suggest that a blend of in-situ produced and allochthonous IP 25 should be considered. Nonetheless, the occurrence of IP 25 in these sediments strongly indicates the former presence (and melt) of (drift) sea ice. As we notice that no correlation exists between phytoplankton biomarker and sea ice concentrations (see Supplementary Fig. S3 ), we assume that the allochthonous input of brassicasterol, dinosterol, and short-chain n-alkanes via sea ice seem to be of less importance in the study area.
Sedimentary biomarker contents also depend on the fate of the sea surface derived organic material (1) on its way towards and (2) at the sea floor as, for instance, lateral advection by subsurface currents, biodegradation or the physical/chemical alteration of organic matter may imprint on the preservation of biomarker lipids (see Zonneveld et al., 2010 and references therein) . However, given that we do not observe a distinct correlation between the water depth at the individual sampling sites and their biomarker contents (see Supplementary Fig. S4 ) and that the distribution of IP 25 and the phytoplankton markers display the modern sea surface conditions reasonably well (see Section 4.2), we suggest that the organic matter is effectively transported through the water column. The (concurrent) release of fine-grained lithogenic material during the ice melt in the study area supports the formation of organic-mineral aggregates (and zooplankton faecal pellets; Bauerfeind et al., 2005) , which notably accelerates the downward transport of organic matter towards the seafloor. This provides for a rapid sedimentation of the biomarker lipids and reduces their residence time at the sediment-water interface, where degradation takes place (Bauerfeind et al., 2005; Knies, 2005; Stein, 1990) . Finally, besides indicating a lack of sea ice coverage, the absence of IP 25 in surface sediments from the Irminger Sea -the major discharge area for Denmark Strait Overflow Water (Rudels et al., Table 1 Station list and biomarker data. TOC data from and Kierdorf (2006) . The P B IP 25 index for individual sampling sites has been calculated using a concentration balance factor (c). 2005) -substantiates that relocation of biomarker signals by (sub) surface currents seems to be negligible -at least in this part of the study area. Thus, we interpret our biomarker data as direct proxies for sea ice cover and surface water productivity.
Biomarker distribution: sea ice conditions and sea surface primary productivity
Concentrations of IP 25 and phytoplankton specific biomarker lipids (short-chain n-alkanes, brassicasterol and dinosterol; for review see Volkman (2006) ) determined on surface sediments from the continental margins of East Greenland and West Spitsbergen are visualised by means of the Ocean Data View Software 4.2.1 ( Fig. 2a-d ; Schlitzer, 2009 ; for biomarker concentrations see also Table 1 ).
Highest IP 25 concentrations are found in sediments from the East Greenland fjords (3.5-8.5 μg/g OC), along the proximal shelf of northeast Greenland (2.3-6.4 μg/g OC) and in the two samples from Denmark Strait (ca. 4 μg/g OC; Fig. 2a ) and likely refer to an extended (lasting throughout spring and early summer) sea ice cover at these sites. Furthermore, these elevated IP 25 concentrations align well with microfossil data from Matthiessen et al. (2001) and Andersen et al. (2004) , who report on the dominance of polar dinoflagellate cysts and sea ice diatom assemblages in sediments underlying the ice-covered polar water masses along the East Greenland shelf. North of 75°N this sea ice lasts until summer (Gloersen et al., 1992) and hence hampers phytoplankton productivity, which explains for the minimum concentrations of short-chain n-alkanes (b30 μg/g OC), brassicasterol (b60 μg/g OC), and dinosterol (b20 μg/g OC) in these sediments (Fig. 2b-d) .
Gradually reduced IP 25 contents in samples from the distal East Greenland shelf (2-3.5 μg/g OC) and the continental slope (1.2-2.6 μg/g OC) suggest less intense or variable ice conditions towards the east. This is consistent with findings of Koç Karpuz and Schrader (1990) who observed an eastward shift in the geographic distribution of a sea ice diatom assemblage (dominant at the shelf) towards an Arctic water diatom assemblage (dominant along the continental margin). Similarly, Pflaumann et al. (1996) found an eastward decrease in the abundance of the polar planktic foraminifer Neogloboquadrina pachyderma (sin.).
A north-south gradient of generally low IP 25 concentrations in sediments from eastern Fram Strait (0.2-0.8 μg/g OC; Fig. 2a ) likely reflects the influence of warm Atlantic water carried by the WSC along the West Spitsbergen shelf towards the north. Minimum IP 25 concentrations at the southern part of the West Spitsbergen shelf thus point to minor sea ice occurrences. At these sites, the still remarkable heat content of the Atlantic water reduces the formation of sea ice during autumn and accelerates its melt during spring/ summer. The growth of phytoplankton consequently benefits from these mainly ice-free conditions and is reflected in significantly elevated contents of short-chain n-alkanes (40-220 μg/g OC), dinosterol (20-50 μg/g OC), and -to a lower extent -brassicasterol (90-230 μg/g OC; Fig. 2b-d) . Likewise, elevated TOC values determined on surface sediments from eastern Fram Strait are related to a higher surface water productivity caused by warm WSC waters Hebbeln and Berner, 1993) .
Diminished concentrations of both IP 25 (b1 μg/g OC) and phytoplankton biomarkers in sediments from the northern Greenland Sea (off the East Greenland continental margin; ca. 75°N), however, are possibly attributable to unsuitable environmental conditions. The (spring) sea ice cover in the Odden ice tongue area mainly consists of newly formed frazil and pancake ice (Comiso et al., 2001) , which, in comparison to multiyear sea ice, presumably does not accommodate high amounts of sea ice diatoms (synthesising IP 25 ). Furthermore, the highly variable ice conditions with a rapidly (within days) oscillating ice-edge position and high salinity fluxes that result from brine expulsion (Comiso et al., 2001; Gloersen et al., 1992) may negatively impact on the spring primary productivity. Limited nutrient availability due to the gyre-like surface circulation within the Greenland Sea and thus isolation from external supply of nutrients as suggested by Rey et al. (2000) , may also account for reduced phytoplankton biomarker abundances.
In contrast, the co-occurrence of increased IP 25 and phytoplankton biomarker contents along the distal shelf of East Greenland (b74°N) and at Denmark Strait indicates favourable living conditions for both ice algae and open-water phytoplankton. We thus conclude that these areas confine a more or less stable (i.e. lasting from spring to summer) ice-margin regime as an advantageous living habitat for both algal species. This is consistent with the findings of Smith et al. (1987) and Sakshaug (2004) who demonstrated previously that marine primary productivity is enhanced at the ice-edge due to a stabilisation of the water column and increased nutrient release from melting sea ice (for "marginal ice zone" carbon fluxes see also Wassmann et al., 2004) . Further studies in the Greenland Sea highlighted maximum phytoplankton biomass and chlorophyll-a concentrations in the vicinity of the ice edge (Richardson et al., 2005; Smith et al., 1985) . Higher sedimentary TOC values and elevated fluxes of particulate organic carbon and biogenic silica are also described by Kierdorf (2006) , Ramseier et al. (1999) and Peinert et al. (2001) from the marginal ice zone along the continental margin of East Greenland, which supports our assumption of a "high productive" ice-edge corridor along the outer shelf.
No IP 25 could be detected in the sediments from the Irminger Sea (b65°N; Fig. 2a ). Since brassicasterol and dinosterol are enriched in these samples (130-680 μg/g OC and 30-73 μg/g OC, respectively), thus suggesting a satisfactory environmental setting for open-water phytoplankton (i.e. diatoms, coccoliths, and dinoflagellates as main source organisms of brassicasterol and dinosterol; Volkman, 1986 and references therein; Volkman et al., 1993) , we conclude that the absence of IP 25 results from a considerably reduced formation and/or advection of sea ice at these sites (Lisitzin, 2002; Ramseier et al., 2001 ). The generally low concentrations of short-chain n-alkanes in these surface sediments, however, may refer to less favourable ecological conditions (nutrient depletion, grazing pressure) for the respective short-chain n-alkane synthesising algae (mainly brown-, red-, green-algae; Blumer et al., 1971; Gelpi et al., 1970) .
Phytoplankton-IP 25 index
Including a phytoplankton component to assess sea ice conditions occurs reasonable since sea ice evidently acts not only as a limiting factor for phytoplankton growth (as demonstrated for the marginal ice zone along the continental margin of East Greenland). The risk to overestimate sea ice coverage purely on the base of high IP 25 concentrations thus can be reduced. Similarly, an underestimate of sea ice coverage deduced from the absence of IP 25 , which in fact may also result from a permanent ice cover (Belt et al., 2007; Müller et al., 2009 ), can be circumvented, when the content of phytoplankton markers is known (for a first application of this combinatory approach within a palaeo sea ice study see Müller et al., 2009) . Fig. 3 provides a generalised overview about sea ice conditions and the corresponding productivity of sea ice algae and phytoplankton at the sea surface; respective biomarker fluxes towards the sea floor are indicated too. We propose that by means of the sedimentary biomarker contents a phytoplankton-IP 25 index (PIP 25 ) can be calculated, which gives the fraction of IP 25 to the combined IP 25 and phytoplankton marker content. Since we herein observed a significant concentration difference between IP 25 and phytoplankton derived biomarkers, and we assume that this may also account for other marine environments algal remains (incl. biomarkers) permanent ice cover (perennial) in the Arctic, we recommend that a concentration balance factor (c) needs to be considered for the calculation of this PIP 25 index:
(1) PIP 25 = IP 25 / (IP 25 + (phytoplankton marker × c)) with (2) c = mean IP 25 concentration / mean phytoplankton biomarker concentration.
The PIP 25 index accounts for the (spring/summer) algal activity beneath the sea ice (mainly ice algae), at the ice-edge (ice and phytoplankton algae), and in ice-free areas (phytoplankton) and thus allows a rough estimate of the spatial and temporal extent of the sea ice cover (Fig. 3) . High PIP 25 values accordingly refer to high sea ice cover, whilst low values point to a reduced sea ice cover. With respect to the variety of phytoplankton biomarkers we propose that this PIP 25 index should be appropriately specified through indices, for example as P B IP 25 or P D IP 25 when using brassicasterol or dinosterol. The use of such an index to distinguish between different sea ice conditions, however, requires essential awareness of the individual biomarker concentrations to avoid misleading interpretations. For instance, coevally high amounts of both biomarkers (suggesting ice-edge conditions) as well as coevally low contents (suggesting permanentlike ice conditions) would give the same PIP 25 value.
A correlation of IP 25 versus brassicasterol and dinosterol concentrations in sediments from the study area is given in Fig. 4 , where we also denote different zones of sea ice conditions with corresponding P B IP 25 and P D IP 25 values calculated for the surface samples. Conveniently, such an index also facilitates the graphic representation of the environmental information carried by the ice proxy and the phytoplankton marker as shown for the P B IP 25 values (Fig. 5a) . Maximum P B IP 25 values (dark blue contour lines in Fig. 5a ; P B IP 25 ± 0.85) indicate pronounced ice coverage throughout the spring and summer season as found along the proximal shelf of NE Greenland, whereas an index of 0 (no IP 25 ; pale yellow contours in Fig. 5a ) suggests pre-dominantly ice-free conditions as, for example, at the sampling sites in the Irminger Sea. Accommodating living conditions for ice algae and open-water phytoplankton characterise the marginal ice zone (with a relatively stable ice edge lasting from spring to summer) along the distal shelf of East Greenland towards Denmark Strait (dark-green contours; P B IP 25 ± 0.65). Light-green contours (P B IP 25 ± 0.25) finally denote a short-lasting maximum sea ice extent with notably lowered ice concentrations in the north-eastern Greenland Sea (at ca. 75°N) and along the West Spitsbergen margin (Fig. 5a) .
We point out that using dinosterol or short-chain n-alkane contents (instead of brassicasterol) for the calculation of respective P D IP 25 and P Alk IP 25 indices yields basically similar results (see Supplementary Fig. S5 ). That means that these biomarker ratios could be used to qualitatively estimate sea ice coverage as well, though we note that the P Alk IP 25 index seems to somewhat overestimate the sea ice coverage, for example, in the Denmark Strait. Since the P B IP 25 values show a slightly higher correlation with sea ice concentrations determined by satellite imagery than the P D IP 25 index we herein used the P B IP 25 index for reconstructions of sea ice conditions in the study area.
Comparison of biomarker and satellite sea ice data
The SMMR (NIMBUS-7 satellite) and SSM/I (DMSP satellites) based sea ice map (Fig. 5b) shows mean (spring) sea ice concentrations derived from the AMSR-E Bootstrap Algorithm (Cavalieri et al., 1996 (Cavalieri et al., (updated 2008 ). Monthly (March-April-May) mean sea ice concentrations have been averaged for the period from 1979 to 2003. Certainly, a one-to-one comparison of sea ice conditions obtained from satellite observations (displaying a 25 years mean) with estimates based on sediment data is flawed by the different time frames that are captured by both methods. Depending on sedimentation rates, surface sediments from the study area may easily represent a much longer time interval (decades to centuries) -this needs to be kept in mind. The problematic age control is also common to other "modern analogue" geochemical or microfossil studies (de Vernal et al., 2001; Müller et al., 1998) and can partly be solved by 14 C age determinations of the respective sediments only (Pflaumann et al., 2003) .
Remote sensing imagery indicates highest sea ice concentrations (about 100%) at the northernmost and western part of Fram Strait along the EGC affected continental margin of Greenland (Fig. 5b ). This aligns with maximum IP 25 concentrations in the respective sediments. A gradual eastward decline in sea ice concentrations (from highest to lowest values) is observed along the polar front paralleling the continental slope of East Greenland, which is also reflected in the biomarker data. Minimum to zero ice concentrations within the Greenland Sea could explain for the general low contents of IP 25 and also its absence in some of these surface sediments (Fig. 2a) . Similarly, sampling sites south of Denmark Strait (in the Irminger Sea) are located in virtually ice-free waters (Fig. 5b) , which is also reflected in the absence of IP 25 .
For a more quantitative comparison of the biomarker and satellite data we used the sea ice concentrations as they are displayed for the individual sediment sampling sites ( Fig. 5b; Table 2 ). As expected, IP 25 concentrations correlate positively with ice coverage (Fig. 6a ; R 2 = 0.67). This correlation, however, may importantly highlight the fundamental ambiguity of the sea ice proxy, as, for example, relatively low IP 25 contents are observed not only for minimum but also maximum ice coverage (Fig. 6a) . Sedimentary IP 25 contents hence should not be used as a direct measure for sea ice concentrations. This and also the higher correlation of P B IP 25 values with sea ice concentrations ( Fig. 6b ; R 2 = 0.74) strengthens that the coupling of IP 25 with a plankton marker (e.g. brassicasterol) proves to be a valuable and more reliable approach for realistic sea ice reconstructions. Table 2 Station list with satellite (SMMR-SSM/I) derived (spring) sea ice concentrations (± 5%) and NAOSIM modelled (spring) sea ice concentrations (± 5%) and ice thicknesses (± 0.5 m 
Modelled sea ice distribution
The NAOSIM (spring) sea ice concentrations and thicknesses in the study area have been simulated for modern (1979 Fig. 5c and d) and Mid Holocene conditions (see Supplementary Fig. S6 ).
Modelled sea ice cover and satellite-derived data yield largely consistent regional patterns. North of Fram Strait, Greenland, and Spitsbergen, the ice cover occurs to be almost 100% everywhere. Within the Fram Strait area, NAOSIM sea ice concentrations reveal a positive westward gradient with maximum concentrations of up to 100% at the East Greenland coast (Fig. 5c ). These maximum sea ice concentrations are in good agreement with the development of extensive landfast ice over the shelf of NE Greenland (Hughes et al., 2011) . As also observed via satellite, ice concentrations are reduced to 10% at the lowest at the western coastline of Spitsbergen. Along the proximal shelf of East Greenland, the model reproduces a band of high sea ice concentrations (approximately 90% to 100%) extending far to the south (70°N), thus mirroring the path of the EGC. South of 70°N, ice concentrations near the Greenland shoreline are still in the range of 60% to 80%, however, with a steeper decreasing gradient towards the south. The model depicts a gradual eastward decrease in sea ice concentrations (from 100% to 10%) to parallel the continental shelf break of East Greenland, as is also observed via satellite (Fig. 5b) . To the east of the EGC affected shelf, between 70°and 76°N, an exposed patch of sea ice coverage (10% to 40% ice concentration) successfully represents the Odden ice tongue that results from the anticlockwise ocean gyre circulation of the Jan Mayen Current within the Greenland Sea (Wadhams et al., 1996) . In the satellite image (Fig. 5b) this tongue-shaped protrusion of Odden ice, however, appears less pronounced with regard to its extent and also concentration-wise (0%-20%) than calculated by the model. The NAOSIM also tends to slightly overestimate the sea ice concentration north of Iceland and along the continental margin of West Spitsbergen by ca. 10%. Correlation analysis of satellite-based and modelled sea ice concentrations as they prevail at 38 of the 44 sediment-sampling sites (both satellite and model do not resolve conditions within fjords), however, reveals that the two data sets are in good agreement (R 2 = 0.89; Fig. 7 ). Modelled ice thicknesses (Fig. 5d) pinpoint highest values of 7 to 9 m at the northern coast of Greenland (N80°N), consistent with the local accumulation of very thick multiyear sea ice and the formation of pressure ridges enforced by the wind-driven surface circulation in this area (Haas et al., 2006; Wadhams, 1990) . In contrast, significantly lowered ice thicknesses in the eastern Fram Strait (0.5-1 m) likely reflect the impact of warm Atlantic water carried northwards by the WSC. Moderate ice thicknesses of about 3 to 4 m parallel the coast and proximal shelf of East Greenland (between 80°and 70°N) and are gradually reduced in a south-eastward direction (Fig. 5d ). This general reduction in ice thicknesses is in good agreement with the findings of Wadhams (1992 Wadhams ( , 1997 , who reported a continuous decline in the mean ice thicknesses with decreasing latitude from the northern Fram Strait (up to 4 m ice draft) towards the Greenland Sea (less than 1 m ice draft). Modelled ice thicknesses also align with observations from upward looking sonars located at 79°N, 5°W in the Fram Strait, which document mean spring sea ice thicknesses of 2.8 to 3.2 m for the period 1990-1994 (Vinje et al., 1998) . Across the Greenland Sea, a patch of sea ice thickness of around 0.1 to 1 m is detached from the nearshore sea ice field. This pattern is consistent with the recognised field of sea ice concentrations in Fig. 5c . Simulations of the palaeo modelling experiment suggest that (spring) sea ice concentrations and thicknesses in the study area were basically lower during the Mid Holocene than during modern times (Fig. S6) . Particularly in eastern Fram Strait, sea ice concentrations were significantly reduced, which may point to an intensified Atlantic water inflow at this time. A detailed analysis of the Mid Holocene, however, is beyond the scope of this study, though a comparison of modelled and reconstructed sea ice parameters for past climates like the Mid Holocene would be a logical next step.
Proxy and model data: qualitative and quantitative comparisons
A rough qualitative comparison of the biomarker-based estimate of sea ice coverage (Fig. 5a ) with model results exhibits a comparable pattern of the sea ice distribution in the study area with maximum sea ice cover along the proximal shelf of East Greenland, reduced sea ice cover along the West Spitsbergen continental slope and ice free conditions in the Irminger Sea. However, we also identify some inconsistencies between the modelled and proxy-based sea ice reconstruction. Unlike the model, which reproduces low to medium sea ice concentrations in the Odden ice tongue area, the P B IP 25 index seems to be less suitable to reflect the distribution of newly formed sea ice. Furthermore, maximum ice thicknesses at the outlet of the Scoresby Sund fjord system (East Greenland) are not supported by the biomarker data. According to the model, this sampling site experienced severe ice cover with more than 5 m ice thickness. But, instead of a hampered primary productivity (due to the limited light availability below the thick ice cover), we find enhanced contents of phytoplankton markers and IP 25 in the respective sediment sample, indicating stable ice-edge conditions. Apparently, the ice cover was not completely closed at the fjord's mouth.
With regard to the general need of linking proxy and model approaches for palaeo reconstructions we herein provide a quantitative cross-evaluation of our biomarker and model results. Modelled sea ice concentrations correspond moderately with IP 25 contents ( Fig. 8a ; R 2 = 0.65) and slightly stronger with P B IP 25 values ( Fig. 8b ; R 2 = 0.67), which again supports the assumption that this ratio reflects sea ice coverage more properly than the IP 25 signal alone. In contrast, IP 25 concentrations correlate more clearly with modelled ice thicknesses than the P B IP 25 values (Fig. 9) . We assume that this ) are given for the respective regression lines. From this correlation we excluded one outlying data point, which derives from the sediment sample located at the outlet of the Scoresby Sund fjord system.
indicates a non-linear response of (lower) phytoplankton activity to increasing ice thickness. The higher correlation between IP 25 contents and ice thickness is probably due to the allochthonous transport of IP 25 within thicker multi-year sea ice.
The largely good correlations of NAOSIM modelled sea ice concentrations with P B IP 25 values, however, occur rather enticing with regard to a quantitative proxy-model calibration. And though we surely acknowledge the utility of such a "sea-ice formula", i.e. the possibility to calculate absolute sea ice concentrations or thicknesses on base of biomarker data, we herein recognise few points that (hitherto) give concern about the applicability of this calibration. These are (1) the highly dynamic drift-ice component and hence the hardly assessable allochthonous input of organic matter (a transfer function based on the herein observed biomarker distribution, presumably would not be applicable to other Arctic sea ice environments); (2) the unknown age of the herein analysed sediments (do they reflect sea ice conditions of the past decades or centuries?); and (3) the relatively poor data base (n = 39) and the scatter of data points within correlation charts, which entails a notable degree of uncertainty. We thus suggest that such a proxymodel calibration requires a larger biomarker dataset with a higher spatial distribution of sediment samples (ideally covering the whole Arctic Ocean). More IP 25 studies on marine surface (and down-core) sediments from the Arctic realm will firstly provide for a validation of the P B IP 25 index and secondly provide for a valuable database to support (palaeo) model experiments. This would finally allow for a comparison of the herein included Mid Holocene sea ice model results (Fig. S6) with the respective Holocene sediment data. Once the reliability of this biomarker approach has been verified through further investigations it may enable for a quantitative assessment of sea ice concentrations and thicknesses.
Nonetheless, we consider this direct (and first) intercomparison of proxy-and model-based sea ice estimates an encouraging attempt that provides a new perspective on the use of a PIP 25 index as quantitative means for sea ice reconstructions.
Conclusions
With the consideration of the sea ice proxy IP 25 and biomarkers derived from open-water phytoplankton (i.e., brassicasterol, dinosterol, and short-chain n-alkanes) we gain useful information about the occurrence, the spatial and lateral extent, and the environmental impact of sea ice (e.g. where primary productivity is either stimulated or lowered due to the ice cover) in the northern North Atlantic. The coupling of IP 25 with phytoplankton biomarkers such as brassicasterol (P B IP 25 index) proves to be a viable approach to determine (spring/ summer) sea ice conditions as is demonstrated by the good alignment of the P B IP 25 -based estimate of the recent sea ice coverage with satellite observations. Modern sea ice concentrations as derived from the high-resolution ocean-sea ice model are in good agreement with the satellite data as well.
The capability of the IP 25 proxy (in combination with a phytoplankton marker) on the one hand and the NAOSIM model on the other hand to satisfactorily trace and reproduce sea ice conditions encourages a cross-evaluation of both approaches. As we observe good correlations between P B IP 25 values and model data, the establishment of a proxy-model calibration (in terms of transfer functions) appears feasible. More extensive IP 25 data, however, are a needed prerequisite to verify this approach towards a quantitative sea ice assessment. Putting IP 25 on the agenda of further biomarker studies hence will provide for a valuable database and support model experiments to describe past and, probably even more demanded, also future sea ice variations in the Arctic realm.
Supplementary materials related to this article can be found online at doi:10.1016/j.epsl.2011.04.011.
